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ABSTRACT
Geopolymers represent a sustainable alternative to cementitious materials, since they can be obtained
from waste products. Chemically speaking, their binding phase is constituted by sodium-alumino-
silicate-hydrates (N-A-S-H), through the reaction of an alumino-silicate source with a sodium silicate
solution. The adaptation of geopolymers in the construction field is still limited by insufficient
understanding of their long-term properties and chemo-mechanical stability. Reducing these
uncertainties requires an integrated approach between modelling and experimental verification.
However, the existing models, based on solely amorphous or crystalline structures, are not always in
agreement with experimental results. For this reason, a defective crystalline structure is proposed as a
baseline geopolymer cell, featuring both amorphism and crystallinity. This novel structure is created by
inducing vacancies to a sodalite crystalline cage, then reorganised while respecting the Loewenstein's
principle, thereby achieving a full polymerisation of Al and Si tetrahedra. The defective structure is then
used as a baseline to obtain a mesoscale model, and to analyse the porous network both at the
molecular scale and at the mesoscale. These analyses provide data that are useful to understand
water diffusivity in the geopolymer matrix both at the nanoscale. Additionally, the importance of
molecular modelling as a tool to support experimental research and provide insights on the chemical
and structural mechanisms responsible for macroscale properties, is discussed. Hence, the proposed
defective molecular model serves as a baseline for multiscale understanding of geopolymer structure,
adding new information useful to discuss diffusivity mechanisms in these materials, and consequently
durability issues at the macroscale.
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1. INTRODUCTION  
Geopolymers, also more appropriately defined as low-calcium alkali activated cements, are the product 
of the reaction between an aluminosilicate precursor (flash calcined clay, e.g. metakaolin, or by-
products such as pulverised fuel ash or slag) and an alkali activated solution (usually sodium silicate or 
potassium silicate). Geopolymers have similar macroscale properties to Portland cement, but with the 
advantage of entailing 35%-45% lower CO2 emissions compared to traditional cements (Habert & 
Ouellet-Plamondon 2016). 
The geopolymerisation process is very different from the hydration of cement paste. The alkaline 
solution dissolves the precursor releasing aluminate and silicate monomers, which condensate into 
oligomeric structures eventually forming a three-dimensional aluminosilicate structure. In this final 
structure, cations (Na+ or K+) provide a positive charge that balances the negative charge of the tetra-
coordinated aluminium, and some water molecules remain physisorbed. Experimental 
characterisations of geopolymers indicate both crystalline domains (frequently zeolite-type structures, 
such as zeolite A, faujasite and sodalite) and amorphous domains (White et al. 2013, Fernández-
Jiménez et al. 2008, Kriven, Gordon & Bell 2004). To reconcile the coexistence of different domains, 
two explanations may be provided. The first one implies that the structure of geopolymers at the 
molecular scale is homogenous, and intermediate between crystalline and amorphous. The second one 
derives from the pseudo-zeolitic model (Provis et al. 2005), in which the nanostructure of geopolymers 
is described as zeolitic nano-crystals embedded in an amorphous gel. In this latter case, the interfacial 
zones between amorphous and crystalline regions would also be intermediate between the two. As a 
result, in both the above assumptions, regions with intermediate order between amorphous and 
crystalline (hereafter described as defective regions) are likely to play a crucial role in determining 
geopolymers properties. The relationship between chemical composition and level of disorder at the 
molecular scale as well as the implications of different level of disorder on the physical and mechanical 
properties of the material are still not understood. Molecular modelling, and molecular dynamic (MD) 
simulations can contribute to this current scientific discussion. 
Molecular dynamic (MD) simulations of geopolymers are very recent and mainly based on completely 
amorphous and not fully polymerised structures (Kupwade-Patil et al. 2013, Sadat et al. 2016, Hou et 
al. 2018, Zhang et al. 2018). To the authors’ knowledge, only two studies thus far have considered 
crystalline zeolite as a precursor to model the atomic structure (Bagheri et al. 2018, Lolli et al. 2018). 
This manuscript presents an atomistic model of the N-A-S-H structure (sodium aluminate silicate 
hydrates) based on defective sodalite. Model geopolymer structures are built by introducing some 
degree of disorder in the highly ordered sodalite network, so that the final structures preserve 
nevertheless a certain level of crystallinity. The porous network at the nanoscale level is then analysed 
providing data that are useful to understand water diffusivity in the geopolymer matrix both at this scale 
and at the mesoscale. Additionally, the importance of molecular modelling as a tool to support 
experimental research and provide insights on the chemical and structural mechanisms responsible for 
macroscale properties, is discussed. Finally, a mesoscale model of geopolymer is obtained from 
molecular scale data, and an insight on the porous network at this scale is discussed. 
2. THE DEFECTIVE SODALITE MOLECULAR MODEL OF GEOPOLYMERS 
This section describes some key steps to construct model geopolymer structures for atomistic 
simulations based on defective sodalite geometries. The interested reader can find additional details, 
also including the construction of fully amorphous and fully crystalline model structure, in a recently 
published manuscript by the same authors (Lolli et al. 2018). 
The defective model is built starting from a siliceous crystalline sodalite structure with only Si and O 
atoms, which is minimised at T=0 K and P=1 atm using LAMMPS (Plimpton et al. 2007) (Polak-Ribiere 
version of the conjugate gradient method) and the ReaxFF interaction potential (Chenoweth et al. 
2008). To generate defects, two SiO2 molecules have been randomly deleted, creating vacancies. The 
resulting intermediate structure is equilibrated via 0.01 ns of molecular dynamics (MD) at P=1 atm and 
T=300 K in the NPT ensemble, followed by 0.01 ns in the NVT ensemble. After this step, some O atoms 
presented dangling bonds, hence individual atoms are slightly displaced and NPT-MD simulations are 
run at P=1 atm and T=1000 K until full polymerisation is restored. 
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Two different Si/Al ratio are then analysed, 1.5 and 2, corresponding to the molar ratios that are 
experimentally known to produce optimum mechanical properties (Leonelli 2011, De Silva, Sagoe-
Crenstil & Sirivivatnanon 2007, Zhang et al. 2013). To control the Si/Al ratio, some Si atoms are 
substituted with Al atoms. Aluminium is tetra coordinated, hence the structure is not significantly altered 
when introducing it in the place of Si. However, Al carries a net negative charge, thus sodium atoms 
are added in the same quantity as aluminium atoms (i.e. Na/Al =1) to restore charge neutrality.  
To determine the water quantity, which could be considered as “structural water” i.e. water pertaining 
to the skeletal atomic structure of the N-A-S-H gel, realistic assumptions are made based on 
experimental results from the literature. In particular, here it is considered that structural water is the 
minimum amount of water needed to avoid large microstructural changes during drying (viz. drying 
shrinkage, which can cause microcracks). Duxson et al. 2007, analysed sodium activated geopolymer 
samples with Si/Al varying from 1.15 to 2.15 molar ratio, and with H2O/Na = 5.5. Drying the samples at 
150°C caused a mass loss between 20 and 40% of the initial mass of the sample, and analysing the 
stoichiometry of the mix design this corresponded to a residual H2O/Na molar ratio between 3.3 and 
4.4 even after the thermal treatment. Likewise, Kuenzel et al. 2012 studied ambient temperature drying 
shrinkage for geopolymer samples with varying initial water content and drying shrinkage started only 
when the residual water content was H2O/Na=3 for geopolymers with Si/Al=2, regardless of the initial 
water content of the mix design. In the same work, it is also shown that the residual water content 
depends on the Si/Al ratio of the mix design, notably decreasing with the decrease of Si/Al. For the 
atomistic model investigated here, it is therefore decided to consider H2O/Na=3 as simulation parameter 
for both the Si/Al ratios analysed. 
The final geopolymer model structure presents Si:Al:Na:H2O= 1.5-2:1:1:3 molar ratios, but other 
structural constraints have been defined. Al and Si atoms are all tetra coordinated, representing a fully 
polymerised structure, Al tetrahedra do not present edge-sharing, meaning that two tetrahedra cannot 
be linked with two oxygen bonds, and finally Loewenstein’s principle is always respected. Loewenstein’s 
principle states that two Al tetrahedra cannot be linked by a single oxygen bond. Lastly, the N-A-S-H 
structures are energy minimised using the Polak-Ribiere version of the conjugate gradient method, and 
then equilibrated via 1 ns of molecular dynamics at P=1 atm and T=300 K in NPT ensemble, followed 
by 1ns in NVT ensemble. A snapshot obtained with Vesta of the resulting defective N-A-S-H gel is 
shown in Figure 1a. In a previous work (Lolli et al. 2018) the molecular model has been used to provide 
insights into the impact of the structural organisation (studied through XRD, X-ray PDF, ring and bond 
length analysis) on the development of mechanical properties at the molecular scale. Here the focus is 
kept instead on the pore structure. 
 
Figure 1. a) Snapshot of the defective molecular model with Si/Al = 1.5. b) Sensitivity analysis 
of the pore size distribution of the siliceous baseline structure c) Snapshot of the pore 
structure (light gray) within the defective siliceous baseline structure (dark gray). 
The pore size distributions in Figure 1b is calculated with the open source software Zeo++ (Haranczyk 
et al. 2012), using Pinheiro et al. method (Pinheiro et al. 2013), based on the Voronoi tassellation. A 
probe radius of 0.15 Å was used to simulate the diameter of a water molecule (2.8 Å) and obtaining a 
pore size distribution accessible by water. It is possible to distinguish two main peaks, at 4.5 Å and 6.5 
Å, the former typical of completely amorphous structures, and the latter describing the characteristic 
a)                   b)      c) 
D= 2.75 Å 
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size of the sodalite cage. Figure 1c shows a snapshot of the porosity network of the defective siliceous 
baseline structure obtained with Ovito considering the pore surface as atoms radius. This three-
dimensional model allows a clear visualisation of the geometry of the pore network and it is possible to 
identify a fully percolated structure, which may have implications for the diffusivity of water at the 
molecular scale and consequent durability issues at the macroscale. The previously mentioned 
reference paper (Lolli et al. 2018) presents an in-depth analysis of structural features of the siliceous 
structures and of the mechanical properties of the N-A-S-H gel at the molecular scale. The present 
manuscript instead aims at clarifying the importance of molecular modelling for advances on material 
research, as explained in the following paragraphs. 
3. MESOSCALE MODEL OF GEOPOLYMERS 
Mesoscale structures can be modeled using molecular scale inputs, and this section summarizes the 
approach used by Lolli et al. (Lolli & Masoero 2018) to construct a mesoscale model of geopolymers 
and presents a porosity analysis at this scale. 
The mesoscale model in Figure 2a, is built considering aggregated polydisperse nanoparticles 
interacting via effective interaction potentials, which are fully defined by two molecular scale mechanical 
parameters: the ultimate tensile strain ult and the indentation modulus M. Both these parameters can 
be obtained from the molecular model described in Section 2. In addition to the interaction potentials, 
particles and pore size distribution have been defined analyzing literature and experimental data, 
defining target ranges of 5 to 50 nm for particle size distribution, and a mesoporous network from 2 to 
50 nm (Lolli & Masoero 2018). Figure 2b shows the nanoscale structure of a metakaolin geopolymer 
paste with Si:Al = 1.5, in which the upper limit of the targeted range is displayed, showing particle and 
pores with a diameter of 50 nm.  
 
Figure 2. a) Snapshot of the mesoscale model from (Lolli and Masoero 2018). b) Helium Ion 
Microscopy image showing the polydisperse structure of the N-A-S-H gel at the nanoscale. 
During the construction process particles of different radius are added randomly into an empty box 
(more details in Lolli & Masoero 2018), permitting to define a preferential size of particles during the 
filling process. This allowed to study the effect of different particle size distribution on the mesopores 
structure. Two filling limit cases have been considered; the first results from setting a preference for big 
particles (50 nm diameters) over smaller particles, while the second is built preferring particles with a 
diameter of 10 and 25 nm over 50 nm, in Figure 3. The two different filling steps represented in Figure 
3a and b, display different packing fractions, therefore different densities of the N-A-S-H gel, which can 
be found in the same geopolymer paste in different polymerization sites. The two packing fraction may 
as well describe the evolution of the N-A-S-H gel over time. To study the effect of the gel density on the 
porosity of the N-A-S-H, pore size distributions are simulated using the open source software Zeo++ 
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(Haranczyk et al. 2012), with the Pinheiro et al. method (Pinheiro et al. 2013) based on the Voronoi 
tassellation. To obtain the results displayed in Figure 3c the parameters for the sampling are: a probe 
radius of 0.2 nm and Monte Carlo samples per unit cell equal to 5000. These parameters are chosen 
after a sensitivity analysis that considered probe radii from 0.1 to 0.5 nm and Monte Carlo samples 
varying from 1000 to 50000. The results in Figure 3c show the evolution of the pore distribution from a 
porosity of 79% (Configuration I) to a porosity of 51% (Configuration II). Configuration I displays one 
broad peak from 60 to 100 nm and centered at 77 nm, and a second peak at 15 nm. When densifying 
the structure in Configuration II the broad peak disappears, while the peak centered at 15 nm shifts 
slightly to 20 nm, increasing its intensity.  
The same behavior has been observed in the CSH, where a higher densification of the gel over time 
corresponds to progressively smaller average pore diameter. For CSH this is explained with a 
progressive precipitation of newly formed solid hydration product in the gel pores (Ioannidou et al. 
2016), and it is a process that continues for months and years (Masoero et al. 2018, Jiang et al. 2019). 
For sodium silicate activated geopolymers, it is instead hypothesized a rapid densification, with full 
geopolymerisation completed in hours. On the contrary sodium hydroxide activated geopolymers, 
display the formation of new crystalline phases as a secondary products, days after the casting (Zhang 
et al. 2012).  
 
 
Figure 3. Mesoscale model with preference of small particles over big ones a) Configuration I. 
Filling algorithm stopped at a packing fraction of 21%. b) Configuration II. Filling algorithm 
stopped at a packing fraction of 49%. c) Pore size distribution of the two configurations. 
4. IMPLICATIONS OF NANOSCALE MODELLING OF GEOPOLYMERS 
The study of the porous network at different scales of both C-S-H and N-A-S-H gel is of fundamental 
importance for understanding their durability. In fact, durability is directly linked to mechanisms such as 
water transport inside materials. Creep and shrinkage for example are related to these mechanisms 
and experimental techniques available nowadays (e.g. proton NMR and quasi elastic neutron 
scattering) can only detect the presence of water in the nanopores. Therefore, the combination of these 
techniques with MD simulation can be useful to identify the direct correlation between water transport 
and degradation mechanisms, both through three-dimensional visualisation and simulation of 
mechanical tests.  
Pinson et al. 2015, developed a mesoscale model of water sorption in the C-S-H, discussing the 
implications for transport properties caused by the interaction between cement and water. The authors 
reproduced the water sorption isotherms coupling the molecular model of C-S-H from Pellenq et al. 
2009 with a mesoscale model. Hysteresis in water sorption isotherms depends on pore size distribution 
and pore connectivity, therefore the effect of both micropores and mesopores must considered. In 
Pinson et al 2015, a molecular model of C-S-H was crucial to distinguish the sorption effect due to the 
interaction between C-S-H and water in the nanopores from the interaction due to capillary forces in 
the gel pores, at the mesoscale. In addition, the distribution of pores in the matrix is also connected to 
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volume changes due to drying shrinkage, hence with the same model Pinson et al. were able to simulate 
the shrinkage associated with sorption isotherms. Molecular modelling is also the starting point to 
simulate long term mechanical responses such as creep. Recent works applied quasi static shear 
(Masoero et al. 2013), oscillatory stress (Bauchy et al. 2015, Bauchy et al. 2017), and incremental 
stress-marching (ISM) (Morshedifard et al. 2018) to replicate viscoelastic deformations and creep, 
accelerating thermal fluctuation. These studies showed that the viscoelastic creep behaviour of C-S-H 
transitioned from asymptotic to logarithmic when the water content in the interlayer region was 
increased. The implications of the water content in the interlayers zones of C-S-H was also the focus 
of a study by Manzano et al. 2013. Comparing two different molecular models of C-S-H, the authors 
studied the effect of water content on the shear behaviour of C-S-H. The two models presented a 
different degree of molecular order: the first one was a glassy C-S-H (amorphous system) and the 
second one a highly-ordered C-S-H (tobermorite). Both systems were subjected to shear deformation 
and for both this deformation was concentrated in the water confined nanolayers, suggesting that the 
C-S-H gel can be modelled as composed by aggregated nanoparticles with water rich regions on their 
interfaces. All this shows that molecular models clarified the relation between nanostructure and 
mechanical properties of C-S-H. 
The hypothesis of C-S-H gel as aggregate of interacting nanoparticles is at the basis of mesoscale 
models that use molecular scale inputs to model interactions (Bonnaud et al. 2016). The effective 
interaction potentials between particles U(r) are a function of the distance between particles, and a 
possible approach to compute such potentials is from stress-strain curves derived from molecular 
simulations. Masoero et al. 2012 used this methodology to compute mechanical properties of C-S-H at 
the mesoscale (ca. 500 nm) leading to realistic results, function of packing fraction and polydispersity. 
Finally, molecular models together with experimental results were used by Shvab et al. 2017 to simulate 
different mechanism of C-S-H precipitation. Specifically, the simulated Boundary Nucleation and 
Growth mechanism displayed evolution rates comparable to literature results, indicating that this could 
be the most representative hypothesized growth mechanism for C-S-H. This indicates that molecular 
models can be used to upscale C-S-H models at the mesoscale, and understand gel formation 
mechanisms happening at different scales. 
Finally, from a technological point of view, molecular dynamics simulations hold the promise of 
impacting the field of nuclear waste encapsulation. Ordinary Portland Cement is commonly used as a 
binder to immobilize different types of radioactive waste (Evans 2008, Young et al. 2013), but current 
studies on geopolymer indicate that metakaolin geopolymers could be used successfully as well 
(Geddes et al. 2018, Künzel 2013). Molecular model simulations could be employed to provide insights 
on the mechanisms that govern the retention of radionuclides in the cement matrix. Duque-Redondo et 
al. 2018 applied MD to simulate absorption and diffusivity of Cs-137 in the C-S-H gel pores, to determine 
which leaching mechanisms could cause the release of the contaminants in the environment. This 
ability to predict encapsulation as a function of chemical composition is an asset for the development 
of new, more sustainable and effective binders for the nuclear industry.   
5. CONCLUSIONS 
This manuscript has shown that a defective crystal N-A-S-H model can be used to provide insights on 
the nanostructure of geopolymers at the molecular scale and at the mesoscale. An in-depth analysis of 
the structural and mechanical properties of the defective model at the molecular scale can be found in 
a recently published manuscript by the same authors (Lolli et al. 2018), while this manuscript focuses 
on the pore structure. The molecular scale model displayed a fully percolated pore structure with 
characteristic pore diameters typical of amorphous and crystalline structures. The mesoscale model 
showed that the densification of the structure entails changes in the pore size distribution toward one 
characteristic mean pore diameter. These findings provide a better understanding of the pore structure 
of geopolymers, therefore add new information useful to discuss the water diffusivity mechanisms in 
these materials, and consequently durability issues at the macroscale. Additionally, a literature review 
on the importance of molecular modelling as a reference for several types of simulations has been 
presented. Hence, analysis related to water transport mechanisms, leaching of different types of 
chemicals (e.g. radioactive isotopes) and carbon captures can be considered for future research. 
Molecular modelling is therefore a central support to the experimental research on geopolymers to 
promote and discuss the application of these materials in civil engineering. 
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